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A time domain approach to probe hot carrier-induced spin dynamics is demonstrated. The exper-
iments are performed in epitaxial Au/Fe/MgO(001), where spin-polarized hot carriers are excited
in the Fe layer by 35 fs laser pulses. They propagate to the Au surface where the transient spin
polarization is detected by magneto-induced second harmonic generation. Different energies of ma-
jority and minority hot carriers excited in the exchange-split Fe band structure lead to their spin-
dependent lifetimes in Au. Accordingly, two spin-polarized current contributions which propagate
superdiffusively at different velocities result in a spin current pulse of about 100 fs duration.
PACS numbers: 72.25.Ba, 72.25.Fe, 73.23.Ad, 78.48.J-
The quest for fast, high-density, non-volatile magnetic
memory is key motivation for research in the field of
spin dynamics in low-dimensional ferromagnetic struc-
tures [1]. In recent years magnetization dynamics have
seen a remarkable development from classical precession
on the nanosecond scale to the ultrafast limit accessi-
ble by femtosecond laser pulses [2]. These findings still
challenge the understanding of ultrafast magnetism and
insight into the underlying elementary processes even in
simple systems like Fe, Co, Ni is just at the beginning:
(i) Koopmans and coworkers consider spin-lattice interac-
tion as one origin of femtomagnetism and have developed
an empirical model based on spin-orbit mediated electron
spin-flip scattering [3, 4]. (ii) Bigot et al. [5] and Zhang
et al. [6] suggest that the light field is directly involved
in magnetization dynamics. (iii) Battiato et al. pro-
pose superdiffusive spin transport being responsible for
the ultrafast demagnetization [7], which couples the fields
of ultrafast spin dynamics and stationary spin transport
[8]. It was shown [9] that in spin valve structures spin-
polarized carrier transport speeds up and enhances the
demagnetization compared to single ferromagnetic (FM)
layers. Without doubt there is a need for additional in-
vestigations and development of a profound microscopic
understanding. Novel experimental approaches, like the
one presented here, bear the chance to overcome limi-
tations of established schemes, which have difficulties to
separate photon-, electron-, and phonon-mediated effects
on the magnetization under non-equilibrium conditions
established after femtosecond laser excitation.
Our experimental approach is based on the front-
pump-back-probe scheme successfully used for the inves-
tigations of hot carriers (HC) dynamics in gold [10, 11]:
HC were excited by a short laser pulse within the optical
skin depth λSAu ≈15 nm at the front side of a thin gold
film and the transient reflectivity ∆R/R monitoring HC
traversing the film was measured at the back side through
a transparent substrate. The delay in the onset of ∆R/R
gives a direct measure of the propagation velocity of HC.
To make the excited HC spin-polarized, a thin film of
FM metal (Fe) of thickness dFe ≤ λ
S
Fe is introduced as
shown in Fig. 1, inset. The pump laser pulse focused
onto the sample from the back (substrate) side, excites
HC predominantly in the exchange-split band structure
of Fe due to dFe ∼ λ
S
Fe. Owing to that, these HC may
be spin-polarized and, traversing the Au film, carry the
spin polarization (SP) forming a pulse of spin current
(SC). Since there is no bias voltage applied, the charge
component of this current might be screened by a dis-
placement of ”cold” carriers in Au due to the Coulomb
interaction. This makes a dramatic difference to spin-
polarized electric currents used for the spin transfer in
spintronics [12] where the lateral size of devices is lim-
ited to 10 − 100 nm due to the charge current inducing
the Oersted field proportional to the area of the device,
which disturbs the experiment. The approach proposed
here has the potential to overcome such limitations. The
pulse of SC is detected at the Au surface by a magneto-
optical signal from the probe laser pulse focused onto the
sample from the front (Au) side. If dAu ≫ λ
S
Au, this
signal is neither sensitive to the electromagnetic field of
the pump pulse nor to the lattice excitations induced by
the pump absorption since their transport through the
Au film with the speed of sound takes much longer than
the HC transport.
In the following, an experimental approach to sepa-
rate ballistic and diffusive contributions to SC directly
in the time domain, is demonstrated. A femtosecond
experiment in a back-pump-front-probe configuration on
a Fe(001)/Au(001) layer stack is employed to realize a
time-of-flight-like magneto-optical detection of SC con-
tributions through their different propagation velocities.
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FIG. 1. Electron diffraction pattern of Au/Fe/MgO(001) (a),
dark field STEM image of the Fe/Au interface (b), SH hys-
teresis loops at the Au surface before (c) and after (d) the
excitation. The inset illustrates the pump-probe experiment.
Thin films of Fe(001) and Au(001) are grown follow-
ing [13, 14] on optically transparent MgO(001) and ex-
amined with the scanning transmission electron micro-
scope (STEM) TITAN 80-300 (FEI, USA) equipped with
a spherical aberration corrector and a high angle annular
dark field detector. The films grow epitaxially (Fig. 1,
a, b) with [001]Au ‖ [001]Fe ‖ [001]MgO and [010]Au ‖
[110]Fe ‖ [010]MgO [15]. The Fe film is magnetized in-
plane with the help of an electromagnet.
Second harmonic (SH) generation is used in a back-
pump-front-probe scheme for the surface SP detection.
The p-polarized 35 fs, 800 nm, 40 nJ/pulse, 1.52 MHz
output of a cavity dumped Ti:Sapphire oscillator is split
at a power ratio of 4:1 into pump and probe pulses. The
pump is chopped with a frequency of 500 Hz and the in-
tensity of p-polarized SH from the probe is recorded by
a two-channel photon counter. The electric field at SH
~E(2ω) = ~Eeven (2ω) + ~Eodd (2ω) consists of even and the
odd terms with respect to the reversal of the magnetiza-
tion ~M [16]: ~Eeven is independent of ~M and ~Eodd = ~αM ,
where M is the projection of ~M perpendicular to the
optical plane of incidence in the case of p-in, p-out ge-
ometry. Although SC can generate a sizable bulk dipole
magneto-induced SH term in semiconductors [17, 18], in
metals only the dipole-allowed surface SH is expected ow-
ing to the small λS . Thus, here ~M is associated with the
SP induced by HC at the Au surface.
The surface SP is monitored by the SH intensity
I (2ω) ∝
∣∣∣~Eeven (2ω) + ~Eodd (2ω)∣∣∣2 ≈ kM + c (1)
for Eeven ≫ Eodd with c ≡ E
2
even and k ≡ 2 ~α
~Eeven.
Fig. 1 c, d show hysteresis loops for two selected values of
the pump-probe delay t. At t < 0 I(2ω) is independent
of the external magnetic field H applied perpendicular
to the plane of incidence, as it is expected for the non-
perturbed surface of a paramagnetic metal. However,
shortly after the excitation, a dependence I(H) is ob-
served, which closely resembles the hysteresis loop mea-
sured at the Fe/MgO interface with the back probe: HC
imprint the hysteresis loop of Fe onto the Au surface.
To study the surface dynamics in more details, the SH
intensity is measured for a given delay t in the saturat-
ing magnetic field of opposite polarities in the presence
(I↑↓ (t)) and in the absence (I↑↓0 ) of excitation. The elec-
tronic surface response is characterized by the quantity
∆(t) ≡
Eeven (t)− E
0
even
E0even
=
√
I↑ (t) + I↓ (t)
I↑0 + I
↓
0
− 1, (2)
and the transient SP by the SH magnetic contrast
ρ(t) =
I↑ (t)− I↓ (t)
I↑ (t) + I↓ (t)
=
k(t)M(t)
c(t)
∝M (t) . (3)
Typical results obtained for ∆(t) and ρ(t) are pre-
sented in Fig. 2, a-d. Pump-induced variations of the
SH field at the surface of 50 nm Au consist in an ul-
trafast reduction on a time scale of 50 fs followed by a
recovery on a 1 ps time scale. The first one can be char-
acterized by the center τc ≈10 fs and the width τf ≈70 fs
of the negative front of ∆(t) (Fig. 2, a). In the case of
dAu=100 nm the front shifts to τ
′
c ≈70 fs and broadens to
τ ′f ≈200 fs; the recovery is also delayed (Fig. 2, b). After
the excitation, the surface SP builds up and reaches its
maximal value at 40 (80) fs for dAu=50 (100) nm (Fig. 2,
c). The 40 fs delay agrees with the time required for the
traversing of 50 nm of Au by HC propagating with veloc-
ities vHCAu close to the Fermi velocity v
F
Au ≈1.4 nm/fs [10],
which is a signature of ballistic HC transport. Later on
the SH magnetic contrast changes the sign, establishes
the second extremum at 0.35 (0.5) ps and relaxes back
to ρ=0 at 1 ps time scale for both Au thicknesses (Fig. 2,
d). To explain this, vHCAu ≪ v
F
Au should be considered,
which can originate from scattering of some fraction of
HC leading to diffusive transport.
Contributions from e-e and e-phonon scattering in
Au were estimated in [19] from experimental results of
[10, 11]: the HC transport is almost purely ballistic for
dAu < 100 nm; for thicker films, a significant diffu-
sive component appears and increases with dAu . Note
that the thickness dependence of the ballistic-to-diffusion
transport ratio will be affected by the energy spectrum
of HC which is different for the HC excitation in Au
[10, 11, 19] and injection from Fe.
In this picture, ∆(t) monitors the time profile of HC
packet reaching the Au surface with steep ”ballistic”
front and ”diffusive” slope stretched by the carrier scat-
tering. With increasing dAu both the front and the slope
become longer (Fig. 2, a, b) due to a linear and non-linear
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FIG. 2. Pump-induced variation of (a, b) SH electronic contri-
bution ∆ and (c, d) SH magnetic contrast ρ ∝ M measured at
the Au surface of Au/Fe/MgO(001) structure with indicated
dFe and dAu for the pump fluence of 1 mJ/cm
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FIG. 3. Calculated density of carriers excited in Fe vs. their
energy with respect to the Fermi level: solid (dotted) curves
correspond to HC carrying negative (positive) SP. Dashed
curve reproduces the HC lifetime from Ref. [20].
increase of the time-of-flight of ballistic and diffusive HC,
respectively, and a reduction of ballistic HC percentage.
The magnetic contrast ρ is proportional to the SP in-
duced at the Au surface by two groups of HC excited in
Fe: (i) HC+, majority electrons e↑ and minority holes h↓
carrying positive SP and (ii) HC−, e↓ and h↑ with nega-
tive SP. The observed non-monotonous behavior of ρ(t)
can be explained under the suggestion that the diffusive
fraction of HC+ is considerably larger than that of HC−.
Then the front of the HC packet will be formed predom-
inantly by HC− while HC+ will dominate at the slope,
v, nm/fs τ , fs λ, nm
e↑ 0.95 60 57
h↓ 0.94 150 140
e↓ 1.17 120 140
h↑ 0.77 300 230
TABLE I. Average lifetimes τ ,
ballistic velocities v, and ballis-
tic lengths λ = vτ in Au for dif-
ferent types of spin-polarized hot
carriers excited in Fe by 800 nm
laser pulse and injected into Au
through the Fe/Au interface.
which provides the alternating ρ(t) (Fig. 2, c). A mani-
fold scattering of HC will lead to their depolarization re-
ducing the SP and leading to ρ(t) ≈ 0 after 1-2 ps (Fig. 2,
d) while ∆(t) 6= 0 (Fig. 2, b). This ”spin-depolarization”
time is estimated to about 1 ps from Fig. 2, d.
To verify this explanation, the energy and momentum
distribution of HC excited in Fe was calculated based on
density functional theory as implemented in the WIEN2k
package [21] using the linearized augmented plane wave
method and a generalized gradient approximation [22] to
the exchange and correlation potential. Fig. 3 shows the
spectrum of excited HC after the momentum averaging.
Upon the injection of HC across the Fe(001)/Au(001) in-
terface the energy and the momentum component paral-
lel to the interface are conserved [15]. This allows to cal-
culate the normal-to-interface momentum component of
the injected HC and the corresponding vHCAu . The veloc-
ities were calculated based on density functional theory
using band structures of bulk Au obtained within the Vi-
enna Ab-Initio simulation package (VASP) [23] with the
projector augmented waves basis sets [24, 25].
The results presented in Table I show that the differ-
ence between the ballistic velocities v is not significant.
On the other hand, the scattering rate of HC in Au is
characterized by the lifetime τHCAu or by the ballistic prop-
agation length λHCAu . The energy-dependent τ
HC
Au [20] is
depicted in Fig. 3. This approximation is based on Fermi
liquid theory but, in addition to the e-e scattering, takes
into account the e-phonon scattering phenomenologically
as well as other contributions. The curve was obtained
as a fit to the results of time-resolved two photon photoe-
mission (2PPE) experiments [20] and thus can underesti-
mate τHCAu due to the transport of HC out of the volume
probed in 2PPE. Also in the vicinity of the Fermi level
the vanishing e-phonon scattering will increase the life-
time. Although 2PPE is not sensitive to elastic scatter-
ing dominating the transport experiments [8], τHCAu from
Fig. 3 can be used here due to very low defect concen-
tration in epitaxial Fe/Au structures vs. polycrystalline
metal films from Ref. [8] (see Fig. 1, b) [15]. Average
lifetimes and corresponding ballistic lengths collected in
Table I show that HC excited in the minority sub-band
of Fe give a moderate diffusive contribution to both HC+
and HC− transport from h↓ and e↓, respectively, for the
studied dAu. In contrast, HC generated in the majority
sub-band of Fe give an almost pure ballistic contribu-
tion to the HC− and an essentially diffusive one to the
HC+ transport supporting the scenario sketched above
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FIG. 4. Pump-induced variation of SH magnetic contrast ρ ∝
M measured at the Au surface of Au/Fe/MgO(001) structure
with dFe =3 nm, dAu =50 nm for indicated pump fluences.
(see Fig. 3 for illustration). Thus, the results presented
in Fig. 2 can be indeed attributed to the competition be-
tween ballistic and diffusive transport of spin-polarized
HC through the Au layer. This qualitative picture of dif-
fusive vs. ballistic HC transport is likely to be oversim-
plified: strictly speaking, a packet of HC propagating in
the superdiffusive regime [7] should be considered. With
that, however, the faster HC (”more ballistic” part) will
have, on average, a negative and the slower HC (”more
diffusive” contribution) a positive SP.
For applications, it could be rewarding to have a pure
HC− or HC+ contribution since it would represent a
single-polarity SC pulse. In the general case, interface
transmission coefficients σHC
+
Fe/Au 6= σ
HC−
Fe/Au since HC
+
and HC− have different energies. They depend on the
interface properties and this dependence might be differ-
ent for σHC
+
Fe/Au and σ
HC−
Fe/Au. Regarding to that, exemplary
ρ(t) curves measured at a sample with smaller Fe thick-
ness are shown in Fig. 4. Employing a 0.8 mJ/cm2 pump
fluence, the result is similar to that presented in Fig. 2.
Upon an increase of the pump fluence up to 1 mJ/cm2
(i) the amplitude of the negative peak increases more
than in three times and (ii) the positive feature becomes
negligibly small. Since both effects are irreversible with
respect to the pump fluence, they are attributed to a
laser-induced modification of the Fe/Au interface lead-
ing to strong increase of σHC
−
Fe/Au and generation of 100 fs
single-polarity SC pulses. Estimations based on the ab-
sorbed pump fluence show that the generated SC cor-
responds to the spin polarized carrier transport on the
order of 108 − 109 A/cm2 or 1014 − 1015 HC/cm2/pulse
or 0.1-1 HC/atom in the surface layer.
In future experiments, a third layer can be produced
on top of the gold film, which is a FM metal, FM nanos-
tructure, FM-ordered molecular layer, etc. A magneto-
optical probe will monitor the magnetization dynamics
excited in this layer by a short SC pulse. Since the Au
film blocks the pump pulse and delays the acoustic trans-
port, the excitation by spin-polarized HC can be moni-
tored selectively. This might help to unravel the origin
of ultrafast magnetization dynamics.
In conclusion, a time-of-flight-like investigation of spin
transport is demonstrated in Au/Fe/MgO(001). Spin
current pulses formed by spin-polarized hot carriers ex-
cited in Fe, are detected at the Au surface by optical
second harmonic generation. The dependence of veloc-
ity of carriers propagating in the superdiffusive regime,
on their energy/spin-polarization distribution, lead to an
alternating transient surface spin polarization.
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